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Final Peport on Contract N00014-88-K-0325

Principal Investigators: David Epel and Daniel Mazia

* * Contractor: Stanford University

Contract Title: Instruction at the Hopkins Marine Station

Dates: 04/01/88 to 03/31/90

A. Student Selection Statistics

A total of 57 students participated in ONR-funded courses at the Hopkins
Marine Station during the summers of 1988 and 1989. Applications came from
institutions from all over the US, from South America, Japan. Switzerland,
Italy, Great Britain and Sweden. The accepted students ranged from advanced
undergraduates, students entering graduate programs to students in their early
graduate careers, those near completion of their Ph.D.s, post-doctorals and
established investigators. The majority of students, however, were graduate
students. The acceptance statistics are provided below.

1. &?ohXLLoI9& fnd Molecular Biolo Macrohytes

Year Applicant Pool Accepted ONR Fellows

1988 14 7 3
1989 22 9 9

2. "1toU o2 El Development

1988 23 14 13
1989 22 14 9

3. Ve ad Iiiz Microscooy

1988 (not offered)
1989 30 13 9

From above, 43 of the 57 students were able to attend with ONR funding;
support from Stanford University funds was provided to some of the remaining
students who participated and some students were supported by their home
institutions.

B. Accomplishments of Previous Training Effort

The appended lecture and laboratory schedules indicate the iatensity of
the lecture and laboratory aspects of the courses. The *Marine Macrophyte*
and "Developmental Biology" courses also involved research projects. At the
end of the courses an Annual Meeting (China Point Academy of Sciences Summer
Session Symposium) Is held at which all of the students present their research
findings. The meeting is attended by the students and faculty as well as many
guests from Stanford, Monterey Bay Aquarium, UC Santa Cruz, MBARI, Moss
Landing Marine Laboratory and other near-by institutions. The titles of these
projects are also appended (the appended program for 1989 includes listing
of subtidal ecology research projects which were not part of the ONR program).

The impact of these courses is enorrmous. The course comments, solicited
by the University for each course each summer, were uninimous in praise for
the content and impact. In fact some graduate programs (le. USC, UCLA, etc.)
are strongly urging their graduate students in marine sciences to take one of
the Or-Advance-d Research Training Programs and particularly those at :Nopkins.
Other indications of the impact can be seen from the consequences to the



The class of 1989 was truly exceptional. Of the aine students. |veto In
the early states of their graduate research while ona bad just completed his
doctoral. Alice Coo (USC) is returning to Hopkins this winter to finalise a
fey aspects of her research on the molecular regulations t nitrogen
assimilation algae. She will also be preparing a manuscript for publication
on this work. Shelis Oberto (UCLA) examined molecular aspects of cold-shock
and is currently exploiting these techniques to study the regulation of
symbiont population density in tropical anemones. Sean Fain (UC Santa Barbara)
and Haroun Frick (ETH-Zurich) worked together to examine the speclation in
Macrocvctis. the giant kelp. using RFL? and chloroplast and nuclear DNAs.
This york is currently in manuscript form and will be submitted to the J
PhysilogX in the next month. Tenna Michaels (Havaii) developed the use of
plant lectins to identify *recognition molecules" on the surfaces of seagrass
leaves that serve as attachment sites for fouling algal spores. She is
continuing this line of research for her Ph.D. under the supervision of Dr.
Celia Smith. one of the course instructors. Alan Milligan (SUNY-Stony Brook)
developed now techniques for the isolation and stabilization of caroteno-
chlorophyll proteins from marine algae. He is nov using these techniques and
others learned in the course to study the formation of 'brown tides* in
coastal vatars for his degree york at Stony Brook. AlJeandro Cabello-Pasini
(Stony Brook) and Ian Stupakoff (Stony Brook) are both developing their Ph.D.
research around their course research projects. Both rill return to Hopkins
this summer to follow-up on some of the studies that they initiated in the
course.

4. PublLcations

Poccia, D.W., Pavan, W.J. and Creen, G.R. 1990. GDMAP inhibits chromatin
condensation but not sperm histone kinase In sea urchin male pronuclei.
Exp. Cell Res. 188, 226-234 (1990).

Lauzon. R. and Weissman, I.L. 1990. The paternal centrosome directs the
polarity of early p6ttern formation in the fertilized As.U cs tod-i
egg. In. Inse ittbjh Reproduction, 5th Internatl. Congr. Invert.
Reproduction 5, 131-138 (1q90)

Cos, Y., Smith, J.C. and Alberta, R.S. Regulation of nitrate assimilation in

MivL la~sa: Evidence for the role of light in induction of nitrate

reductase and control by a circadian rhythm. Marine Biolcgy 112, 691-696

(1992)
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C. Summer faculties 1988 and 1989

Bi.o gj ]UJ]Jx U Development

1988 1989

Resident Faculty: David Epel, Stanford David Epel, Stanford
Daniel Mazia, Stanford Michael Hadfield, Hawaii
Dominic Poccia, Amherst Daniel Nazia, Stanford

Gerald Schatten, Wisconsin
Heide Schatten, Wisconsin
Victor Vacquier, SIO

Visiting Faculty: Zacheus Cando, Berkeley Richard Steinhard, Berkeley
Ellen Dirksen, UCLA
Gerald Schetten, Wisconsin
James Spudich, Stanford
Frank Suprynowicz, Scripps Clinic
Robert Swezey, Stanford

2. Ec2pysioloMv and Molecular Biology 2f Marine& Ui.lxpbxx

1988 1989

Resident Faculty: Celia Smith, Hawaii Celia Smith, Hawaii
Steven Fain, Cal Tech Stevn Fain, U Chicago
Richard Zimmerman, U Chicago Jason Smith, U Chicago
Jason Smith, U Chicago Richard Zimmerman, U Chicago
Robert Smith, U Chicago Robert Smith, U Chicago

Visiting Faculty: Elma Gonzales, UCLA Ralph Quatrano, UNC
Mimi Koehl, Berkeley Valerie Vreeland, Berkeley
Mark Denny, Stanford Mark Denny, Stanford
Lenard Muscatine, UCLA Ladd Johnson, Washington
Rose Ann Cattolico, Washington Steve Manley, CSU-Long Beach
Polly Penhale, NSF
Lynda Goff, UC Santa Cruz

l. "3. Laeran Video Mlcrosco9y

1989

Academic Faculty: Stuart Thompson (Stanford)
Ron Vale (UCSF Medical School)
James Spudich (Stanford Medical School)
Sam Wong (Stanford)
Mike Cahalan (UC Irvine Medical School)
Steve Finkbeiner (Yale School of Medicine)
Richard Tsein (Stanford Medical School)
Lubert Stryer (Stanford Medical School)
Stephen Smith (Stanford Medical School)
Anna Spudich (Stanford Medical School)
Dan Madison (Stanford Medical School)



Commerical Faculty: V. Argiro (Vital images)
K. Boydston (Negaviulon Inc.)
T. Bruchmnn (Photometrics Ltd.)
M. Delay, Ph.D. (Axon Instr. Inc.)
K. Hendricks (Nikon Instr.)
R. Haugland, Ph.D. (Molecular Probes Inc.)
T. Inoue (Universal Imaging)
T. Knightly
P. Moore (Molecular Probes Inc.)
H. Shelly (Sea Studios)
E. Snyder (Olympus Microscopes)
P. Steinbach (ETh Systems)
A. Triable (Silicon Graphics)
R. Wick (Photonic Microscopy Inc.)
P. Wong (Newport Corp.)

D. ONR Molecular Marine Biology Fellows

1. E~bysiol_•.a Ar &lecular Blology f Marine Macrophbles

1988
Josef D. Ackerman (Cornell University)
Linda A. Franklin (Duke University)
Stuart Slaven (Univ. of Arkansas School for Medical Sciences)

1989
Alejandro Cabello-Pasini (SUNY at Stony Brook)
Sean B. Fain (UC Santa Barbara)
Haroun Frick (ETH-Zurich)
Yu (Alice) Cao (USC)
Teens Michael (Univ. of Hawaii)
Allen J. Milligan (SUNY, Stony Brook)
Sheila R. Oberto (UCLA)
Ian Stupakoff (SUNY, Stony Brook)
Masami Watanabe (U Tokyo)

2. CgUl Bilog&lgxf kr1y Develooment

1988
Mark W. Haffer (UC Davis)
Navdeep S. Jaikaria (NY Medical College)
Minas Kocamoglu (California State UniversLty-Fullerton)
Robert Lauzon (Stanford University Medical School)
Sandy K.S. Luk (University of Manitoba)
David Nagajski (University of Sussex)
William J. Pavan (Johns Hopkins University School of Medicine)
Clara A. Pinto Correia (Lisbon Medical School)
Ellen M. Popodi (Marquette University)
Gustavo R. Rosania (Stanford University)
Kristin F. Thomas (California State University-Fullerton)
Marie A. Vodicka (Amherst College)
Harry Witchel (UC Berkeley)

1989
Marguerite Chow (U Pennsylvania)



• . 1989 Pilar Dmcci (Pontifical Catholic Univ., Chile)
Carolyn M. Fleming (Vanderbilt Univ.)
Jan Hoh (Caltech)

* "Deborah A. Jacobs (Albert Einstein College of Medicine)
Suresh J. Jesuthasan (Stanford)
Andrea Lanctot (Stanford)
Terese Rakow (Iowa State Univ.)
Stming Wang (Brown Univ.)

3. VidSo and Microscopy

1989
Susan DeMaggio (UC Irvine)
Lise S. Eliot (New York State Psychiatric Institute)
Deanna Frost (Univ. of Oregon)
Robert Grad (Univ. of Hawaii)
Mary Hagedorn (Univ. of Oregon)
Fady Malik (UCSF)
Stephen A. Stricker (UC Santa Cruz)
Ben Stowbridge (Yale Univ.)
Susan Treves-Zorzato (Univ. of Padova, Italy)

I.
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Lecture/Laboratory Schedules



CELL BIOLOCY OF EARLY DEVtLOP1frT: THE CELL CYCLE

Jun. 13-July 15. 1988
Hopkins Marine Station

David Epel. Daniel Kazia and Dominic Poccia, Instructors

Lectures will be in Agassiz 11, typically from 9:00 am to noon. Labs will
begin -1:00--1:30 pu (depending on when lectur& is over). On days of field
trips, the lecture will be later (time to be announced).

Week 1 June 13 Cell activation D. Epel
14 Cell activation 0. Epel

FIELD TRIP 15 Cell activation D. Epel
Cell permeabilization Robert Svezey (HMS)

FIELD TRIP 16 Cell cycle D. Nazia
17 Cell cycle D. Nazia

Week 2 June 20 Mitotic apparatus D. Mazis
21 Cytoskeleton/Cytokinesis James Spudich(Stanford)
22 Chromosome movement Zacheus Cande (UCB)
23 Mitotic chromosome condensation

D. Poccia/D. Nazi&
24 -- ------ o-- o- -

Week 3 June 27 Spernatogenesis/Pronuclear
activation D. Poccia

28 Histones in the Cell Cycle D. Poccia
29 Ciliogenesis Ellen Dirksen (-UCLA)
30 Cell Organization Cerald Schatten(Wisc)

FIELD TRIP-July 1 Protein Phosphorylation in Frank Suprynovicz
the Cell Cycle (Scripps Clinic).

Week 4 July 4 -----------------------
5 RESEARCH PROJECTS
6 0

7 3 3
8

Week 5 July 11 "
12
13 "
14 U 0

15 CLASS SYMPOSIUM

"ESm



CELL &IOLODY Of ZARLY DEVr l0?KM: THE CELL CYCLI

June 13-July 15, 19S8
Hopkins Marine 3ration

David Epel, Daniel KIzia and Dominic Yoccia, Instructors

tLcture3 vill be in Agassis 11, typically fros 9:00 an to noon. Labs will
begin -1:00--1:30 p. (depending on when lecture is over). On days of field
trips, the lecture vill be later (tim* to be announced).

Week 1 June 13 cell activatiots D. Epel
14 Coll activation D. Epel

FIELD TRIP 15 Cell &ctivation D. Epel
Cell perseabiliza:ion Robert Svezay (HKS)

FIELD TRIP 16 Cell cycle D. Nazi&
17 Cell cycle D. Nazia

Week 2 June 20 Mitotic apparatus D. Nazia
21 Cytoskeleton/Cytokinesis James Spudich(Staniord)
22 Chromosome novemant Zach, -is Cande (UCB)
23 Mitotic chromosome condensation

D. Poccia/D. Hazia
24

Vaek 3 June 27 Spermatogenesis/Pronuclear
activation D. Foccia

28 Histones in the Cell Cycle D. Poccia
29 Ciliogenesis Ellen Dirksen (UCLA)
30 Cell Organization Cerald Schatten(Visc)

FIELD TRIP-July 1 Protein Phosphorylation in Frank Suprynowicz
t.he Cell Cycle (Scripps Clinic).

Week 4 July 4 .......................
S RESEARCH PROJECTS
6 g

7 3 .
8 a a

Week 5 July 11 6

12 "
13 W 6

14 " "
15 CLASS SYKPOS-UM



1CarOMSIOLOOI a CXJ. 3IOLOOT OF

Sumser 1984 UsIng ILACROIrTUS 1421

Date Lecture Schedule Lecturer

eel m i l

sm. June 13 The .nter- and Subtidel Zones C. Smith

.The Cblorophyto C. Smith

Tues. June 14 Tho Rhodophyta C. Smith

The khodophyts C. Smith

WVed. June I The PbseophTta C. Smith

The Kelps C. Smith

Thurs. June 16 Intertidal Tranaect

The Seegressem R. Alberte

2s30 p.m. Nonterey Be- Aqiusrlua-Tour

Fri. June 17 Nore Intertidel Field Work

21:00 a.m. Optical Properties of th* Water Colua R. Zimmersan

Light Pbenom.a, Pigments and Pbotorece~ption 3. Alberta

DOPXISS LECTURE
4100 p.m. vemn in Science P. Penhale

Set. June 19 big Sur Field Trip (8300 to ca. 2t00)

1'



Vo.. June 20 Nolecular Tools for Stwdying Adaptation A. Alberte

Narine Symblo.." L. uscatin•

?ses. June 21 Targeting and Cell VWel Synthesis 9. Gonzale-

Plgsent-Proteins & the Photosyntbetic Unit R. Albrto.e

Ved. June 22 Cell a Uloe-ular $iol0g7 of Chloroplaust 3. Alberte

Light Reactions is Photosynthesis R. Alberte

Thurs. June 23 Applications of DNA Technologies to Algae S. rain

Light Adaptation in Algae 3. Alberto

Fri. June 24 DNA Pollsorphiamst Barkers for Speclation S. rain

Photosynthetic Carbon Uetabolive R. Albert.

evening Research Project Discussiorn

Set. June 25 hno Nuevo Field Trip (l0%00 to ca. 3200)

WEUX III

Not. June 27 Carbon Metabolism 9 Partitioning 3. Alberte

Nutrient Dynamics in Algae 3. Zimmerman

".utes. June 26 Nitrogen Assimilation and etsbollns f. 2impersan

Integration o€f MKabollsm and Cell Processes R. Alberte

Yed. June . Immunological Nethods for Macrophytes R. Alberto

H3PIUNS LECTUR•

4:00 p.m. Molecular Approaches to Algal Pbhlogenies 3; Cattolico

Thurs. June 30 Stress in the Intertidel C. Smith

Salinity and Temper*ture St"res C. Smith

Fri. July 1 Fluid Dynamics of the Ilter- & Subtidal N. Denny

Parasitis in. led Alga& L. Goff

Sat. July. 2- Elkhorn Slough Field Tr__O:00 to ca. 3:00)



Noe. July 4 Pic.•ic

?"*. July I V1 11TX . uMNMORuAL ZCt
400o p.a.
FIsher 3ell Silicon and U19s Vbet the Dietoe

Ca Tell us S. YolceIi

Veds. July 6 tAnirei.ental Control o The Coll Cycle J. SlIth
MgOO 0.0. )

Thurs. July 7 Life In reducing Sedlu'.ts 3. Saith

*WUKCU PROJECTS

U's. July 11 Flovw FIlppizg and Pbotosynthe.les Xoehl.
The-Rolt of Undulste Blades

July 14-15 Reloercb Project Roports - INS Annual Neotiag



* LAD0RATRT SDCEXNS

won*. Jun. 13 Laborstor7 - Orees Ala*s

Theo. Jun 14 Laborator7 - Red A*gas

Weds. 3Jn 15 Laborstor7 - htrai Algae

Thurs. Jun 16 Field - Intertidel Treusect. Dote Anal7sis Lotuts

Fri. Jun 17 Field - Intertidel Work, Dot# Discussioen

Pigument An7lyse, and Spectrophotoeotr7

Set. Jun 18 Field Trip to 8ig Sur

Ban. Jun 20 Oxygen Excbange TechnologielSp4ctrohotosoetry

Tues. Jun 21 Ieasureant of Reaction Centers, MSU sizes

Weds. Jun 22 Procoplart Isolettol

Thurs. Jun 23 Tsolation sod Purification of DNA and IRA

rri. Jun 24 DNA Restriction Rapping

Set. Jun 25 Field Trip - Ana Nuevo

Bon. J"• 27 Nitrate Assiailatioa - Nitrat Re*duct&**

Tue*. Jun 28 Asmmnive *seiailation - OGluisine Syothetose

Ted.. Jun :9 Proteia Isolotion and Seper*ttios/Vetoer* Slotting

Thurs. Jun 30 in situ Xaaufo-IocAliz*ttion

Iri. Jul I Floorescenc Xicrc.cropy

Sgt. Jul 2 Field Trip - £lkhors Slough

VEMS. IT & I

Jul 5-13 RETEAKCI PiOJECTS

Jul 14-15 esmearch Project Pie&utMtio"s



TZNTATIVZ LECTURE/FILbD TkI SCEDULZ

BIOLOGY 136--CELL bIOLOGY OF ZAR1Y DVELOPMENT
Sunmer 1989

June 19 9:00 AM - Lecture - Introduction to course
(D. Nazia)

Reprovuctive patterns
(N. lad!ficd)

1:00 YX - Lecture - Ichinoid development
(D. Epel)

June 20 6:00 AN - hiqld trip
9:30 AN - Lecture - P4tterns of early development

(ladfield)

June 21 6:00 AX - Field trip
9:30 AN - Lecture - Gastropod development

(Nadfield)

June 22 7:00 AN - Field trip
10:00 AN * Lecture - Polychaete development

(ladfield)

June 24 9:00 AM - Developstnt in selected groups
(ladfield)

June 26 Lecture - 9:00 AM - Fertilization and the
initiation of embryonic development, part I (tEpel)

June 27 9:00 AM - Fertilization/egg activation, part 2 (Epel)

June 28 9:00 M - Spern activation/motility (Vacquier)

June 29 9:00 AM - Sperm activation/acrosoue reaction (Vacquier)

June 30 9:00 AM - Sperm-egg attachment/other aspects of egg
activation (Vacquier/Epel)



TNTATIVE LZCTL1Zi7IILD TRIP SCNZDUU (Coat.)

sIOLyO .136--cZU. sIOLocY or EARLY DrYLfOPNLNT

July 3 9:00 AN - mitotic cycle (Nazia)

July 4 soliday

July 5 9:00 AN - rertllization/pronuclear fusion (Schatten)

July 6 9:00 AN - New methods: microscopy and image processing
(Schatten)

July 7 9:00 AN - Centrososes (Mazia, Schatten and Scbatteo)

4:00 PH - Station seminar - "Gene Regulation in sea urchin
development" (Eric Davidson, Cal Tech)

July 10 - July 20 RESEALCH PROJECTS

July 11 4:00 PH - Van Niel Nemorial Lecture - by Earlyn Balvorson,
NBL, "Polyphosphate: A Storage Reserve of Phosphate
or Energy?"

July 17 9:00 AN - "Calcium during the Cell Cycle"

(Richard Steinhardt, UC Berkeley)

July 21 Reports on Research Projects



9/

COPHYSIOLOCY & CULL BIOLOGY OF
SSummer 1989 MARINE MACROPHYTES 162H

Date Letture Schedule Lecturer

VtEx I

Mon. June 19 The Inter. and Subtidal Zones C. Smith

The Chlorophyta C. Smith

Tues. June 20 The Phaeophyta C. Smith

The Phaeophyta C. Smith

Wed. June 21 The Rhodophyta C. Smith

The Rhodophyta C. Smith

Thurs. June 22 Seagrasses R. Alberto

4:00 Hopkins Summer Seminar, Fisher Lecture Hall D. Schiel

Fri. June 23 Intertidal Field Wo:k Discussion Student Teams

Algal pigments R. Alberte

Light Phenomena: Light harvesting R%. Alberte

Sat. June 24 Big Sur Field Trip (depart Hopkins @ 8:30 return ca. 3:00)



WEEK IV

RESEARCH PROJECTS

Thurs. July 12 immunological studies of algal cell valls V. Vreeland
(lecture and lab demo)

WEEK V

RESEARCH PROJECTS

July 21 Research Project Reports -HMS Anrnual Meeting



Thurs. July 6 DNA probe labelling techniques; Filter hybridization

INA fractionation

Fri. July 7 Fluorescence microscopy

Sat. July 8 Field Trip E £lkhorn Slough

WEEKS IV & V

Jul 10-20 RESEARCH PROJECTS

Jul 21 Research Project Presentations



LASER G VIDEO MICROSCOPY

Hopkins Marine Station and
Dept. of Molecular 4 Cellular ?thyioloy

Stanford University
Sumer 1989

(Preliminary Schedule)

Mon. July 24TH
9-11 Welcome to HMS & mutual introductions - Thompson
11-12 Introduction to electronic light microscopy (ELK) - Smith
1 Begin lab york
4-5:30 SJS lab- seminar sampler

Tues.
9-10 Fundamentals of ELK (Electronic Light Microscopy) - SJS
10 Video fundamentals - Wick
4 Fluorescent probes I Haugland

Wed.
9-10 Fundamentals of ELK SJS
10 Fluorescent probes I1 - Haugland
4 Glutamate and Ca in astrocytes - Finkbeiner

Thur.
9-10 Fundamentals of ELK - SJS
10 3-dimensional image processing - Argiro
11 Ca in neurons - Tsein
4 Physiology of lymphocytes - Mike Cahalan

Fri.
9-10 Fundamentals of EIK - SJS
10 Laser technology - J.R. Young
4 CCD cameras -ruchmcan

Sat.
Lab day



Ron. July 31.
9.10 Fundamentals of 1t• SjS
10 Introduction to Image processing softvare, user

interfaces - 1. Inoue
4 Ca & Neuronal grovth - Xater

Tues.
9-10 Fundamentals of ElM • SJS
10 The video processing pipeline - Steinbach
4 Microtubule based motility - Vale

Wed.
9-10 Frontiers of ElM - SJS
10 Fluorescent probe frontiers • Haugland
4 Brain slices - Madison

Thur.
9.10 Video editing - Mark Shelly
10 Optical recording of membrane potential - Lev Ram
4 Mechanisms of Ca oscillations - Stryer

Fri.
9-10 Frontiers of ELM - SJS
10 Microspectrophotometry - Delay
4 Cortical actin states A. Spudich

Sat.
Lab day



Appendix

Programs. Annual Research Symposie

fI
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-* 11:10-11:20 Caroline Clevenger 1apI..A ve.rnicuarl: Distribution and
microhabitat within a kelp forest.

11:20-11:30 1ill Hoes. Cytochalasin-Induced motility In sea urchin

11:30-11:40 Deborah Jacobs Is AT? required for yellow crescent formation in

11:40-11:50 Alejandro Comparative ammonium assimilation vith light
Cabello-Pasini and dark carbon fixation for .•yj~jj Rxif.r

11:50-12:00 Allen Milligan Isolation and characterization of light-
harvesting piZment protein complexes from
Marcli V~rtfera.

12:00-1:00 UNCHI BREAK

SESSION 3 'Chairperson: Richard Zimmerman

1:00-1:10 Carolyn Fleming Chromosome cyles in sea urchin eggs following
the inhibition of protein synthesis by emetine:
polytene chromosomes?

1:10-1:20 Xudong Yin Effect of E-64, an inhibitor of protease
activity, on the cell cycle of sea urchin eggs

1:20-1:30 Jim-Owens Distrlbution'of Calliostoma ligatum with regard
S.-to certain abiotic and biotic factors.

1:30-1:40 Diana Olson Habitat associations and the decorating
behavior of Lgxorbncus crissiitus.

1:40-1:50 Teena Michael Characterization of lectin binding proteins
from cell walls of Z•_•tra marina.

1:50-2:00 Ian Stupakoff Responses by roots of Zgstera, wTarna to
hydrogen sulfide and implication for
respiration.

2-:00-2:10 Alice Cao iUght and dark regulation of nitrate reductase
in Mn

2:10-2:20 Sizing Wang The cell c)cle is activated by the calcium
ionopbore A23187.

2:20-2:30 Jean Liu The monotpolar mitotic cycle in sea urchin eggs.

2:30-2:50 COFFEE/TEA BREAK



SESSION 4 Chairperson: David 1p4j

2:50-3:00 John Hudge Distribution and abundance of Membranigora
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6DMAP Inhibits Chromatin Decondensation but Not Sperm
Histone Kinase in Sea Urchin Male Pronuclel

D. POCCIA-' W. PAVANJt AND C, R. CJRFFN*

"Doarvmlent o Bwkio. Amherst Cdow.e Amhersit. Mwachsoxuetti 01002, cad tBgochwmutrv%. CrUula, and 3oeular B~wvpi,~Tninev PM"p
Johne HiWA~aa Unuw~rsaty &Dio of Medicine, Balw,,.vv, Manh land 21205

The two germ-line- specific Sp histione classes
Treatment of sea urchin eggs for 10 min prior to for. modulated in their D*NA-binding capacity by phosph

tilizalon with the kin...e Inhibltor ODMIAP (6-dimeth. ylation 13, 41. The multiple sites of phosphorylation
ytisminopurinel reversibly Inhibits swelling and lose of clude rare tetrapephide sequences of the composit
conical morphology of the male pronucleus- Mal, pro- serine-proline adjacent to two basic amino acids (lyo

hucl*I inhibite'd with I nsMGDMAP for 25 min undergo and/or arginine). Identical sites are found in the C-i
hole~phorylatiom of Sp H I and Sp 11213 hstone, as fully minal regions of HI histones where they are targets

asd control nuclei. Therefore, Sp histone kinase, the M -phase -specific histone kinase [5). Several a
who.. target sequenace, reie~mble those of the M-phase site% occur in othet nucleic acid-binding proteina wJ
histonet kinalse, Is not Inhibited by SDINAP. and Sp his- akg rrglt onesdcrmtnsc as
too.- phoaphorylation. although it may he necessary, is piackg corregulntien chickenspedcrombasirtein, suhuj

&wade Pmcieo t foI homtadcodnaio.. caronavirus nucleocapsid protein. wheat germ bial
~ ~ %~H2A (5), mussel sperm nuclear protein 03 [6), and

man chromofsome condensation regulator RCCI1[7.

INTRODUJCTION In sea urchin Sp histones. the sequences, confer 1
dicted $-turn structure upon the N-terminal ret

As a conselquence of events occurring late in sperm.- which may facilitate their binding to linker r
togenesis, the spermatozoon nucleus becomes Itnoti. [3,5f. 91.
cally quiescent, usually acqujiring one or more distinctive The unphosphoiylated forms of Sp histnnes art c
DNA -binding proteins and highly condensed chromatin. alcteristic of mature sperm and may ehist briefly on!
Following fertilization, chromatin decov4-lnsstion and late spermatids and early male pronuclel. We previo
changes in nucleoprottein composition trsza.ifor-m the in- postulated a role for their unphosphorylated N-term
crt sperm nucleus into a male pronucleus capable once armsi in chromatin condensation or stabilization of
again of participating in replication, transcription, and ture sperm chromatin 13). However, a role in bulk c
mitosis [1). matin condensation was made unlikely by the ohw

Male pronuclisar development in the sea urchin in- tion that virtually all the compaction of male germ
volves several changes in nucleoprotein composition. chromatin during apernhiogsnesis t-Akest place hefon
The ea:liest of th-ese cwcur almost immediately upon fer- dephoosphorylation of the Sp hiqtonves [21, After ferti
tilization and result in modification of ;he two male tion, phosphorylation appearo toslightly precede de
germ -line- specific hittone classes (Sp HI and Sp H2l3) densaition of male pronuclear chromatin. Rlthoulk
and the acquiisition of histone Cs H1 fr-om the egg. L-Ater rapidity of both rejr-xnises make-t their relative* tii
changes include the 1;ss of mrlified SpHIl and the accu- %omewtmat imprcise1 P)-
mulation of hixtories of CS H2A, CS H214, and H3 rm T deieP moe cle thep 3eainhpht

the maternal storage poo~l.The later events result in the hi..!one pho~phorvlat ion ,ind male tvronuclear celm
rnale chromjitin histone composition duplicating that of ti ilecond~en"amion, wev'iight an inhibitor of prnu
the female. However, the early modifications of Sp his-d'eom~ s r~tet emt ecshyr
tones may be sufficient for functional factivation, since de-condensat ion, Of a %% ide range of nietamolic and 4
chrotatin of %imilar composition is present during aipor- inhibito rs tet-d. only rc)ld aind N-e,,hv~rna1Pimid#
mat.ogenesis when mitogsa, meiosis. replication, and tically slowed the rat'*, of 2ronuclcanr 4welling [101.

tr~ncritao al ocur 2).former was offective a, .20C( 64-14.w normal and wt
versible after'4¶) min: the latter was not reversible

rTý .-h)m riprint "wIJ0ii4s tbomjd beAU!Ae the same period.

All -~ittt -f t.ptA*. &ý AeoI f rvr,,w-,d
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In the hope that prevention of Sp histone phosphory- RESULTS
tion would result in blockage of decondensation we
tiosidered kinase inhibitors. Recent work on the punine
Wsog 6-dimeth,-;laminopurine (6DIMAP) suggests that .Effect of 6DMAP on male pronuckeu deconden~sation
-,s drug might exert its effects through kinase inhibi. inl monospermic eggs. Male pronuclear dlecondensation
3n [Ill. 6DMAP is a potent cleavage inhibitor in sea to a uniformly euchromatic, spherical foamn is complete
-chin and surf clam eggs while leaving protein syrathe. by 10- 12 min in S. purpumtus at 15*C (19J. Loss of coni-
a. cyclic AMP phosphodiesterase activity, and cAMP cal morphology takes only 1-2 man. Eggs were treated
vels unaffected 112, 131. Added just after fertilization, with varying concentrations of 6DMAP to find thenmini-
)M.AP blocks sea urchin eggs at prophage of the first mal concentration which would fully inhibit male pronu-

.itiosis 1141. Under these conditions, it does not alster clear decondensation. Unfertilized eggs were suspended
rotease, phosphatase, or synthesis of cyclin I1111. It may for 10 min in 6DMAP-seawater, then fertilized. Appar-
lock activation of maturation promoting factor (MPF). ently normal fertilization envelopes appeareo in >95%
at not the action of activated MPF 1141. of the eggs at all concentrations of 6DMAP tested. Fer-
Since MPF has recently been found to contain a M. tilized eggs were left in inhibitor until fixation at 30 min

base-specific H I kinase 115,161 and the sites of M%'lti_ postfertilization. By tnis time, all male pronuclei in con-
le phosphorylation of sea urchin Sp histones include trol egg bad decondensed (Fig. IA). At the lowest con-
hose phosphorylated by the M-phase histone kinase 15, centrations of 6DMAP used (12, 120 5aM). male pronu-
.] 6DMAP was expected to block conversion of Sp his- citi b~csme spherical but did not swell as fully as those
nes to their modified forms following fertilization. In- of controls (Figs. lB and 1Q). At 300 jaM 6DMAP nuclei 0

teed we find that 6DMAP at concentrations sufficient bcm peia u eandcnesdaddrl
:r full inhibition of cell cycle events does not block staining (Fig. ID). At 600 IwAM 6DMAP, male pronuclii
hoophorylation of Sp histones in male pronuclei. In were either spherical or conical but condensed (Fig. IlE).
pit* of the apparently normal histone modification, At 2400 jsM 6DMAP, male pronuclei remained conical
iowever, pronuclear chromatin decondensation in fully in shape and appeared localized in the egg cortex P
inhibited., suggesting that male pronuclear development (Fig. IF). -

$ a multistep process in which Sp histone phosphoryla. Sperm remained viable for at least 25 min in 6DMAP.
ion, although it may be necessary, is not sufficient for To test if 6DMAP-treattd fertilized eggs were viable, the
-hromatin decondensation. inhibitor was removed at 20 min postfertilization.

Nuclear swelling was evaluated at 40 min. Nuclei pre-
viously inhibited at 600 j&M (Fig. IG) decondensed in the -

MATERIALS AND METHODS absence of inhibitor (Fig. I1K). whereas unwashed con-..
trols remained as condensed as at 20 min (not shown).
Moreover, eggs recovered and developed after wash out. -

Strnjor~ooertrotua purpurtiue werv purchaaed from Marinus, Inc In one experimnent, 94% of 600 Wa 6DMA P- inhibited
Lonrg Beach, CA). Yaps wet iinhibited by sumpeflitiol in vaiui eggs went on to cleave. In a seond experimert, 75%'r of

--ollcent rations of V,,Vdimnethyladenine l4-dimethylamninopurntel
Si~grnr St. L[tAwi. %1O1 in extilicial oegwatsr f.r ao min pnor to ortvui. cggs that had been inhabited wath 600 j&M 6DMAP pro--

ozation. Formoricipermic eto-itization, <t/1oo volume afddutea*"nu gressed to blastula and 50% to gastrula. Since 600 wlA(
va* in nwas added toa 1% 1v/v) suatwn..ion f ft. Fertulized egg 6DMAP was effective for preventing decondensation
remained in the prtaence of ItDMAP until filiation. For maweraibiaty hut variable in maintaining conical morphology, I mM4

Ctpr~~eta egs er c.,li'te b hnd wnnfgaionan wtiad 6DMAP was used for moat subsequent experiments. At
.,it times with 50 vol of seawater For polvapormy fspornmrnts, un.
fertilized eggs were treated with tU)MAP in NAt (1) mM %1l43 in wa- 1 mM. 80% of inhibited eggst cleaved after wasihout at 20-
s ter. pH 143) oro It) min with *ettlinit, and the supernatant was drawn min, but few reache$A blastuls.
r~ff ond rtplaiced with a concent rated *Wem *tvqenanon in ADMAP1- F(Jrrt of 61)MAP on male prounitlea'r decovndertiafa,,n
seawatercoting CM411`.1 mM Amin.,(ttsitia, ote lie~tl, etss went allowed
',) aettle anid wathod with 0A)MAAP- fiawator so remove etc.,. sperm. in prob'tpermie #,gga. Since pnlvqpermic egg,. are re-
Mil oijitires and %sashv were Performed at usIC Inorganic phierhate quired to facilitate electrophoretic analysist of histone
*I (irt~flhoawhate. carrier free in acid free wuauetua solution, A trans4itions in male pronticlei 1201. the offocts of QWDAP
('zoi/ml. Amrntrham I *ait addimd to cultureatO a0 mUi/mlt from 20.1 were al.;o evaluated in polyvtpermric egg%. Unfertilired
Intoe"ronu irtn, re.tdsp.vosyechIIlFswe eggs were treaterd with I miM 61)MAII-N8 for 10 min,

Wraenod throug~h !S'. pm Nile% and waithed twice in remove (Prtliza. then rxilyspermicnlly fertilized and cultured in I nik
*on mtmbrane, and %itermi )tiot,,rn euirtction and gel elrr~.r* 6[.)MAJI seawater. R~outinely all male priintiilear de-

six wer. perf.Žrried as pre%,owsly .-teribed (I A'l condensation wait inhibited, and nuclei reniriuited confliclt
Yaps wet* fix'.d in .1 1 vthkriol aretic acid Aliqseia were allowed to even at degttqee of polyperniy as high ait 25 malt- proflo.

d-ry on slidies Fxgs wort, atirird with '2" aowcirtvn 75,,.T acetic acid.
Average degree o)f ;wlmperiny lri) was calequlated by avoraging the c .lei per egg, Wasqhout of the drig rt'sulted in thle trawti-
numtrber of Male prf'iovivie per egg (tit 2.5l eggs taken from severial tion from conical to spherical nuclei by 40 man as in
&ffetrent regionsi if the iiumle monospermic eggs (not shown).

Cnri~cj.,s -iu It !'i i 2 "'' l
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Since the male nuclei appeared to be close to the sur- and fertilized with sperm in I mM6DMAP-seawster. At
face of the egg, it was possible that nuclei scored as coni- 10 min postfertilization the fertilized egg suspension was
cal and condensed were not actually in the egg cytoplasm screenied through 53-pm Nitex to remove the fertiliza-
and that the supernumerary sperm only fused with the tion envelopes and attached sperm, and washed twice
egg upon removal of the drug. To distinguish fertilizing with large volumes of 1 mM 6DMAP-seawater. At 25
sperm from those attached to the surface, we used the min, eggs were spun through a layer of I M glucose-
technique of Hinkley et aL (211. Unfertilized eggs were 6DMAP at 4C to remove traces of unincorporated
prelabeled for 10 min with I mg/ml of the DNA-binding sperm and seawater. A small aliquot was fixed (35 min
fluorescent dye Hoechst 33334, washed twice with sea- postfertilization), the rest of the eggs were lysed, and the
water, treated with I mM 6DMAP-N8, and fertilized as pronuclei were isolated. Fixed samples (Figs. 2E and 2F)
above. The egg cytoplasm serves as a reservoir of showed male pronuclei from inhibited eggs were still
Hoechst which is taken up by fusing sperm. Figure 2B conical and unswollen after the glucose wash (at the time
shows that multiple conical male pronuclei are fluores- of egg lysis) whereas those from uninhibited eggs re-
cent and therefore incorporated into egg cytoplasm, but mained spherical and decondensed.
that the large numbers of unincorporated sperm nuclei Figure 3 shows the electrophoretic results of two ex-
surrounding the egg (Fig. 2A) are not fluorescent. The periments. All cultures were fertilized to the same degree
fluorescent nuclei eventually became spherical but were (13-14 male pronuclei/egg). In Fig. 3B, male pronuclear
still condensed by 4 h postfertilization in the continued histones from a culture inhibited with 600 ISM 6DMAP
presence of the inhibitor (not shown). Thus 6DMAP ap- is shown compared to the untreated control (Fig. 3A).
pears to greatly delay rather than fully block both the In this sample, male pronuclei showed some degree of
loss of conical morphology and swelling of male pronu- rounding up (see Fig. IE). In Figs. 3C and 3D, prepara-
clear chromatin. tions from parallel samples inhibited in I and 3 mM

Fertilization normally sets in motion a linked program 6DMAP are shown. In these samples, male pronuclei re-
of events distinguished as early and late 1221. At least mained conical and unswollen (see Fig. IF).
some early events are triggered in the presence of All electrophoretic patterns are very similar. The Sp
6DMAP since fertilization envelope formation, nor- histones are virtually entirely in the phosphorylated
mally caused by transient Ca' release in the cytoplasm, forms N (from Sp HI) and O/P (from the similar va-i.
was observed. Ammonia treatments at different pH val. ants Sp H2B-I and Sp H2B-2) at all but the highest
ues can initiate various late events including M-phase 6DMAP concentration. Arrows indicate the electropho-
histone kinase cycling, bypassing the early events (22- retic positions of unmodified Sp histones. The ratio of
24). If 6DMAP blocks an early event which in turn trig- O/P to the other core histones is close to I for inhibited
gers a later event required for pronuclear decondensa- or control samples, except for the 3 mM sample (Fig.
tion, activation with ammonia prior to exposure to 3D). CS Hi is efficiently incorporated into nuclei at all
6DMAP and fertilization might bypass the 6DMAP 6DMAP concentrations. Therefore essentially complete
block. To test this, unfertilized eggs were treated with conversion of Sp histones to their modified forms takes
N8 or N9 (seawater adjusted to pH 9.3 with NH 4OH) for place in the presence of 6DMAP in male pronuclei
10 min, then for 10 min in N8 or N9 containing 1 mM whether or not tbey have undergone shape change or
6DMAP and subsequently polyspermically fertilized. In swelling.
both cases male pronuclei remained conical up to 60 min Some minor differences are detectable. There is a
postfertilization as did the control nuclei from eggs re- higher ratio of the Sp HI-derived protein N to core his-
ceiving only seawater instead of NII.OH (N9 results tones at the two highest 6DMAP concentrations, indi-
shown in Figs. 2C and 2D). Therefore neither treatment cating removal of N from pronuclear chromatin may be
was effective in reversing the 6DMAP blockade, slightly less efficient under these conditions. Traces of

Effect of 6DMAP on male pronuclear histone phos- the unphosphorylated Sp HI (probably <5%) are also
pho•ylotion. To determine if 6DMAP also blocked the present in these two samples. The most striking differ-
male pronuclear histone transitions believed to be re- ence occurs at 3 mM 6DMAP in which conversion of Sp
quired for chromatin decondensation, pronuclei were H2F1 is less extensive than conversion of Sp H 1, perhaps
isolated from polyspermic eggs blocked with 6DMAP. proceeding to only 50% as judged by the ratio of O/P to
Eggs were pretreated with N8-1 mM 6DMAP for 10 min other core h.stones. A heavy spot is prsent where Sp

FIG. 1. Ftfpct, of )6DMAP on malt pronuclear doondenfAtion in monoapermic ses urchin egPr. (A-F) Dosage etf"cru. (A) 0 mM, ill) 20
dMM, (C) 120 ,M. ID) 300 uM, (E) fOm MM. (F) 24W0 oM 6D)MAP. Erra were treated for 10 min prior to fertiiliation, f(rtilited and cultured in
the presence of inhibitor for 3) min, then fixted and stained with aceto-oricem. Arrow indicates the weakly staining male pronicidua from the
Uninhihbted control. All pictures at th. %m* magnification. (G. H) Revermibility. A c-ulture treated ua abo~e with &M) wM 6t)MAP wai divided
in two at 20 min poetfortilhation, and tho drug wa washed out of one -ulture (G) Fixation at 20 min; (Hi fixation at 40 min of culture wiavhed
At 20 min. Picture* taken at approximatly 3x greater magnificaticn than (A-F).
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FIG. 2. Effects of eDMAP on mae] pronuclear decondensation in polyspermic sea urchin eggs. 4A, B) Uptake ofsperm. Eggs Were prelsbeled
with Hoechst 33334 prior to I mM6iDMAP treatment and polyspermic fertilization. Same egg photographed with phase contrast (A). showing
large numbers of external sperm. and with fluorescence 1B). showing several incorporated but condensed sperm nuclei in the egg at 20 mnn
;-,;t fertilization. (C. D) Lack of rev'ersal of inhibition by prior egg activation. Cultures were inhibited with I mM 6DIAP except one (D) was
Lctivated with seawater adjusted to pH 9 with NH,OH fat 220 min prior to fertulization. the last 10 min of which included 6DM.AP. Control
treated with seawater for 10 min, then N9-6DMfAP for 10 min. Both cultures were fixed at 60 min postfertilization. iE. F) Appearance of nuclei
just prior to isolation. Nuclei from polyspermic eggs washed at 25 min postfertilization with cold I M glucose (10 min wash time). just before
lysis into isolation buffer. Inhibited nuclei retained their original appearance throughout. Male pronucltm from control polysperznic eggs san
somewhat less decondensed than those from monosperniic eggs. In E. two male pronuclei art in the same plane of focus as the female large
pronucleua. IE) Uninhibited control-, (P) inhibited with I o.Mk 6DMAP.

H2B and contaminants from egg cytoplastm run [3). 3D is largely unmodified Sp H213, but those in Figs. 3A-
Judging from the ratios of 0/P to other core histones, it 3C are largely contaminants. In any event, complete
is likely that the spot indicated by the lower arrow in Fig. conversion of Sp histones (especially Sp H2133) to the
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SGel Olectrophoretic analysis of male Pronucka, histones of 6DMAP inhibited ega.L Iriz dimention contains aid-urea-Triton X.nd imesio 0.% SS.(A) No inhibitor, average degree of polyaperuy ii - 13 t 4; (B) 600 ,.M 6DMAP. 4 - 14 ± 3. (C) 1 mhAi, - 14:t .(D) 3 M6DMAP.A, 4 3±5 mro eewse ncl lcs a 5ouadlda 5mnpsfriiainindicate positions where Sp HI and Sp H2B markers rn.n

~ed form's may be somewhat retarded under very spondling autoradiograms show that the proteins N and
*;ed 6DMAP conditions, but at 1 mM~ 6DMAP, Sp his- 0/P are indeed phosphorylated in the presence (Fig. 4D)conversion is virtually complete in t~.e conical, con- or absence (Fig. 4C) of 6DMAP. In fact, compared to thepronuclei. control, Sp histones from the 6DMAP-treated cultureSiDme 6DMAP has been reported to be a kinase inhibi. exhibit somewhat higher specific activities. Most other," .11but the modified sperm histones are believed to de- proteins on the gel showed lower levels oftphosphate in-Sfrom phosphorylation of Sp histones, a culture was corporation indicating a general inhibition of phosphor-

" "Wed with I mM 6DMAP as above, and labeled with ylation. .3ince nuclei were conical in the inhibited cul--0 UtVolOrthophosp hate from 20- to 30-mmn postfertiliza- ture, we conclude 6DMAP does not suppress deconden-tr% Pronueaitoefrmihbtdndcnrlul sation by inhibiting phosphorylation of Sp histones.
Isane shown in Fig. 4. The cultures were similar in

3A- of polysperniy (male pronuclei/egg = 21 ± 4 for DISCUSSIONJett ,5 ±6 for 6D3MAP). The stained gelz show sim-
the ltone patterns (Figs. 4A and 413). Again, coriver- 6DMWAP and Sphietone phosphryjton. Loss of thet6N and 0/P are virtually complete. The corre- sperm nucleus conical morphology and chromatin de-
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FIG. 4. Phosphorylation of Sp histones in the presence of 6DMAP. Two-dimensional gel electrophoreiis as in Fig. 3. (A. C) Untreated
control, Ai 21 ± 4; (8, D) I mM 6DMAP-t~resatd. Ai - 25 ±t 6. (DPlorthophosphato was added at 20 mini, embryos were lysed at 35 min
postfertitization, and nuclei were isolated. C and D are autoradiograms of gel* in A and B, respectively.

condensation precede, and perhaps are required for, ge- stantially inhibits kinase activity in eggs (Ref. 11; Fig. 4,
netic reactivation of the sea urchin male pronucleus. thi3 paper) does not inhibit the kinase responsible for
DNA and RNA synthesis are initiated with male pronu- Sp histone phosphorylation. This kinase has substrate
clear chromatin of histone composition and physical specificity resembling that of M-phase histone kinase
structure very similar to those of genetically active fe- 15, 17].
male pronucici or spermatid nuclei [25, 26). Genetic re- 6DMAP and egg activation. How 6DMAP exerts its
activation of the male pronuclei follows after the phos- effects prior to or at fertilization is not clear. Previous
phorylation of Sp histone variants and chromatin de- studies using 6DMAP on echinoderm eggs showed that
condensation 13, 26). it is a potent reversible inhibitor of meiotic progression

It is clear from our results that the phosphorylation of and mitotic cycling [ 11, 14). Relatively few experiments
Sp histones is not sufficient for male pronuclear decon- have explored treatment with 6OMAP prior to fertiliza-
densation. Phosphorylation can take place insa fully con- tion in the sea urchin, whose eggs are fertilized after
densed pronucleus which has maintained its conical completion of both meiotic divisions.
morphology. Indeed, the specific activity of phosphory- Known early triggers at fertilization involve phospha-
lated Sp histones under these conditions is somewhat tidylinositol pathways which result in cleavage of phos-
higher than that of controls. Thus 6DMAP, which sub- phatidylinositol-4,5-bisphosphate to inositol-1,4,5-tri-

-Bob-
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phosphate (UP3) and diacylglycerol. Since IP 3 is believed which we previously suggested to be the same as the M-
to trigger Ca24 release, yet fertilization membrane eleva- phase histone kinase [5). However, we were not able to
tion, which is initiated by Ca2 + release, occurs normally alter 6DMAP inhibition by pretreatment of eggs with
in the presence of 6DMAP, the IP 3 pathway seems unob- N-9, which should initiate Hi kinase cycling j24] and
structed. cyclin synthesis (371.

Since IP 3 and diacylglycerol are produced in the same Neant et aL [14) reported that although 6DMAP
reaction, we can assume diacylglycerol production is added at 30 min postfertilization inhibited cyclic protein
normal. Diacylglycerol is thought to lead to alkaliniza- phosphorylation without affecting cyclin synthesis and
tion of egg cytoplasm at 1-5 min postfertilization, degradation, when it was added before fertilization, it
through activation of protein kinase C, which in turn ac- affected cycling of cyclin. Although data for the latter
tivates a Na*/H* carrier [27, 281. A block following diac- effect were not given, it was implied that cyclin was syn-
ylglycerol formation might lead to inhibition of decon- thesized but not degraded. It is not apparent how inhibi-
densation. However, we find that treatment with N8 or tion of cyclin degradation which occurs at the first mito- -
N9 for 10 min prior to 6DMAP treatment, which should sis could impede pronuclear decondensation which oc- -
be sufficient for artificial cytoplasmic alkalinization, curs within a few minutes of fertilization, unless levels of
does not appear to relieve the 6DMAP block. It has been cyclin are high or build up in 6DMAP-inhibited oocytes
reported that 6DMAP does not alter cAMP levels in sea before fertilization. The egg might then be arrested and
urchin eggs [13), so cAMP-dependent pathways are also incapable of exiting this state. Since female pronuclear
unlikely candidates for the mediation of the 6DMAP chromatin is decondensed throughout the period when -

effects. male pronuclei normally swell, a general arrest in some
6DMAP and MPF activity. Although the phosphor- sort of chromosome-condensing cytoplasmic state seems

ylation of Sp histones at fertilization might be consid- unlikely.
ered a special case of nuclear protein modification in oo- Sp histc•oe phosphorylation and chromatin deconden-
cytes, there are several reasons to believe it shares some sation. It is commonly suggested that the M-phase ki- -

aspects in common with modifications occurring at mi- nase controls chromosome condensation through phos-
tosis: (1) tetrapeptide phosphorylation target sequences phorylation of H1 [36, 38]. In male pronuclei, however,
of Sp histones following fertilization and somatic Hi's at the effect is opposite; phosphorylation is correlated with
mitosis are identical [5]; (2) the behavior of prematurely decondensation. We believe that phosphorylation of his-
condensed sperm chromosomes and mitotic chromo- tones modulates ionic interaction wiih DNA which per-
somes (response to cytoplasmic signals and phosphory- mits other factors [7,81 to control the state of condensa-
lation of HI histones) is similar [29,301; and (3) chromo- tion of the chromatin. Several observaticns support this
some condensation/decondensation is controlled by view. In the first mitotic cycle of sea urchin embryos,
MPF for mitotic and meiotic chromosomes in somatic inhibition of chromosome condensation by the protein
cells or oocytes [311. synthesis inhibitor emetine does not affect phosphoryla-

Recent studies suggest that cell cycle progression in tion of CS H1 [301. In HTC cells, inhibition of dephos-
early embryos depends on MPF activity which may in- phorylation with ZnCl2 does not inhibit chromosome de-
volve at least two components, a kinase capable of phos- condensation [391. During sea urchin spermiogenesis,
phorylating h.istone HI [15, 16,321 and cyclin, a protein virtually all chromatin condensation takes place before
constitutively synthesized and periodically degraded histone dephosphorylation of Sp HI and Sp H2B [21. -
[33,341. In sea urchin eggs, cyclin is a component of the The present study indicates that Sp histone phos-
M-phase histone kinase [35]. phorylation is not sufficient for male pronuclear chro-

HI kinase activity in the mitotic cycles of early sea matin decondensation following fertilization. It is not
urchin embryos was measured by Meijer and Pondaven clear whether decondensation in vivo can occur in the
[24). This activity resembles the growth-associated ki- absence of Sp histone phosphorylation, but it has yet to -

nase activity thought to be responsible in this and other be ob•erved. An effective reversible inhibitor of Sp his-
cell types for H I phosphorylation [36). Meijer and Pon- tone kinase would aid in the analysis of the requirement
daven [24J found that HI kinase was inhibited by for phosphorylation.
6DMAP by more than 90% in the range 600-1000 ILM, It seems likely that the function of Sp histone variants
the range found to be effective at preventing pronuclear is to stabilize the structure of the mature sperm nucleus.
decondensation in our study. Ammonia at pH 9 but not In this way, their effects are analogous to the disulfide-
at pH 8 triggered H1 kinase cycling-, Ca2̀  ionophore linked protamines of mammals [I1. In mammals there
A23187 could not. Most interestingly, the authors re- is good evidence both in vivo and in vitro that disulfide
Ported a transient peak of kinase activity appearing just reduction permits decondensation [40]. It is possible
after fertilization (Fig. 1 of Ref. [241). The kinetics make that phosphorylation serves the same function in sea ur-
this activity a likely candidate for the Sp histone kinase chin sperm histones as reduction in mammalian prot-



"234 POCCIA. PAVAN. AND GREEN

a amines, and that once this event has occurred, alter- 14. Neant, I., Charbonneau, M., and Guerrier, P. (1989)1 Dv. Bio.
ations of the degree of chromatin swelling can proceed 132,304-314.
by other cellular mechanisms. iS. Arlon, D, Meijer, L, Brizuela, L., and Beach, D. (1988) Ceo 88,

The occurrence of the tetrapeptide ser-pro adjacent 371-37A.
16. Labbe, J. C., Picard, A., Pesucellier, G.. Cavadors, J. C., Nurseto two basic amino acids in viral proteins, unique sperm P., and Daree, M. (1989) Cell 57. 253-263.

proteins of invertebrates and vertebrates, and plant his. 17. Porter. D., and Vacquier, V. (1988) Biochim. Biophys. Re&
tones suggests that reversible phosphorylation may be Comm. 151, 1200-1204.
involved in mary different schemes for packaging/un- 18. Poccia, D.. and Green. G. R. (1986) Methods Cell BioL 27. 15,3-
packaging chromosomes [51. Its occurrence in a negative 173.
regulator of human chromosome condensation lends 19. Longo, F, J.. and Anderson. E. (1968) J. ceU BioL 39,335-36&
further support to this interpretation [81. 20. Poccia, D.. Salik, J., and Krystal, G. (1981) Dev. BioL 82, 2S7-

296.
Preliminary eaperiments were performed in the Cell Biology of 21. Hinkley. R. E., Wright. B. D.. anJ Lynn, J. W. (1986) J. Cell BiL.

Early Development summer course at Hopkins Marine Station in 103, 235a.
1988, partially supported bya grant from the Ofice of Naval Research. 22. Epel, D., Steinhardt, R., Humphreys, T., and Mauia, D. (1974)
We thank Dr. David Epel, Ken Sawin, and Dr. Daniel MaziA for help- De&. BioL 40,245-255.
ful discussions. This work was supported by an Amherst College Fac. 23. MazicD. (1974) Proc. Not Acad. Scr USA 71, 690-493.
ulty Research Award, a Bristol-Myers Co. Grant ofthe Research Corp. 24. Meijer, M., and Pondaven, P. (1988) Exp. Cc/ Res. 174, 116-
(C-2466), and NIH Grant HD 25679 to D.P. 129.

25. Poccia. D., Greenough, T., Green, G. R., Nash, L, Erickson. J,
oteaddedinprof F. C. Luca andJ. V. Ruderman (41) have re- andGibbs, M. (1984)Dev. BioL 104,274-286.

ported that 6DMAP and N-ethylmaleimide ane members of a small 26. Poccia, D., Wolff, R., Kragh, S,, and Williamson, P. (1985) Bi,-
group of inhibitors of cyclin destruction in vitro. Since 60MAP (this chim. Biophys. Acta 824,349-356.
study) and NEM (Luttmer and Longo, Ref. [101) are potent inhibitors 27. Shen and Burgart (1986) J. Cell PhysioL 127,330-340.
of male pronuclear decondensation in sea urchin eggs, we suggest that 28. Swann and Whitaker (1985) Nature (London) 314,274-277.
cyclin levels (and therefore Hi kinaes activity) may be higL in the
unfertilized egg and cyclin destruction at fertilization might be re- 29. Krystal, G. W., and Poccia, D. L (1979) Exp. Cell Res. 123, 207-
quired for decondensation. 219.

30. Krystal, G. W., and Poccia, D. L (1981) Exp. Cell Res. 134, 41-
48.
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SUMMA.RY

In this study. we have documented the configuration of microtubules and

centrosomes in v.srly development of the phiebobranch Asijj.ja ceratodez.

Centrosomes were detected using a polyclonal antiserum to the centrin molecule

(1). Ve a.`ow here that the spars contributes the active controsome in

developeant. Following the first phase of ooplasmic segregation, the paternal

centrosome was Initially maximally compacted and nucleated a tiny sperm &ster

at the vegetal pole which subsequently enlarged. However, anti-cantrin __________

reactivity was absent from the unfertilized egg. Following the completion of

meiosis, the ;entrosome nucleated microtubules that permeated the entire

zygote reaching the cortex at the animal pole. Simultaneously. the sperm

aster migrated sub-equatorially to the future posterior pole of the embryo. -.-

parallel to its cortex. Following cantrosome duplication, pronuelear fusion

occurred and the mitotic apparatus then migrated to a sub-eccentric position

in the cytoplasm. As the mitotic asters enlarged, both poles expanded. At

cytokinesis and interphase of the 2-cell stage, the centrosome displayed a

perinuclear localization. These findings reveal the existenca of a

controsome cycle in ascidians, and suggest that changes in shapes of

paternally-derived centrosomes may specify the spatial topography of

microtubules they nucleate.

INTRODUCTION

More than eighty years have elapsed since Conklin first published his nov

illustrious monograph on the cell lineage of the ascidian egg (2). He

observed that following fertilization, the eggs of IZX*.1a partiI underwent a

spectacular series of cytoplasmic rearrangements, later to be collectively _____________

defined as ooplasmic segregation (3). The ascidian egg is said to be

"mosaic*, in that the primary lineages (muscle/mesenchyme, notochord, endoderm

and ectoderm) are rigorously determined by a phenomenon known as cytoplasmic

localization, Conklin first demonstrated this mechanism by isolating or

ablating selected blastomeres in early cleavage stages. Wh~ittaker later

confirmed it (4) using cleavage-arrested embryos. The appearance of lineage-

specific markers In iselcted blastomere subsets supported the hypothesis that

cytoplasmic determinants specifying the expression of these markers became ____________
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segregaced into particular cell lineages during development. It is believed

Sthat these "determinants may be maternally Inherited mRNAs which activate

"groups of genes In specific lineages (3). A variety of studies have
Implicated various cytoskeletal elements in the mediation of cytoplasmic

segregation, including microfilaments in ascidians (3,5) and nematodes (6),
and microtubules in nemertines (7) and amphibians (8). Sawada (5) and Jeffery

(3) have proposed a model in which a cortical contraction of microfilaments
may provide the motiLv force during the first phase of ooplasmic segregation,

in which the sperm and myoplasmic material accumulate at the vegetal pole.

The second phase is characterized by the formation of the various territories
S- of the future tadpole. Here, we have documented the organization and

structural changes which take place In microtubules and centrosomes of

unfertilized eggs and early embryos.

_MKATERIALS AND METHODS

Ascidia .ratndu was collected off the floating docks at Fisherman's
Wharf in Monterey Bay, CA. The eggs which lay gravid in the female gonoduct,

and which arrested at aetaphase I of meiosis, were surgically removed and
placed in Sterile 0.2 micron Filtered Sea Water (SFSV) prior to each
experiment. Sperm was collected dry, usually from a different animal, and

stored at 40C until needed.
DECHO0RIONATIO• PRCEU UMA RTLDA

Ascidla eggs were dechorionated following a modification of the procedure

described by Mita-Miyazawa (9), fertilized with a preactivatad sperm

suspension, and incubated at 16 0
C. Nornal development ensued and swimming

. - tadpoles complete with chordate morphology were obtained 18-20 hours later.

DETERGEN ET li CTIO• W2 UN0FLUORESCENCE Z EMBY
Unfertilized eggs and dechorionated embryos of various stages were

briefly immersed In two volumes of microtubule-stabilizing buffer (MSB: O.3M
potassium gluconate, 0.33 M glycine, Sum EOTA, 2mK magn•esium sulfate, lOmM

sodium chloride, 5% glycerol and 10,M MES, pH- 6
.0) which had been overlaid in

a conical centrifuge tube :ontaining 10 volumes of extraction buffer (MSB +
0.1% triton X-100, pH-6.0). The eggs were extracted for one hour. after which

they were placed onto Poly-L-Lysine-coated (390,000 MW, Sigma) chamber slides
(Nunc Inc.. Naperville) for 20 minutes. The slides were fixed with cold (-

20
0

C) methanol for 15 minutes and then gradually rehydrated with phosphate-
buffered saline pH-7.2 (PBS). The eggs were then incubated in a blocking

.gi

/
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solution containing 5% normal, goat serum/,PBS for 30 minutes, after which anti.

mouse beta-tubulin monoclonal, antibody (Ameraham) and centrosome antiserum

(kindly provided by Dr. Jeff Salisbury, Case Western Reserve University.

Cleveland) were added at appropriate dilutions and incubated for 1 and 16
hours respectively, followed by four washes of 5 minutes each. The antibody

detects the centrin molecule in plant and animal calls (1). Secondary

antibodies which consisted of Fluorescainasted goat anti-mouse Igo and/or Texas _____________

Red-conjugated goat anti-rabbit IgG (Jackson Immunoresearch, PA) were

incubated for I hour, %nd washed &as previously. In the final step, the DNA

was labeled with the fluorescent dye DAPI (lug/al) for 2.5 minutes and rinsed

twice for 5 minutes. The slides were mounted with a solution containing 90%

glycerol, 10% PSS and 100mg/mi DABCO (Sigma), and examined under a Zeiss

.pifluorescence microscope.

RESULTS

NORMA& DVELOPNO OCCURS FOLOIN ORM9A' QECHORIONATION _____________

The unfertilized a" of Apcidia1 cesoe is enclosed within an inner

layer of test cells firmly attached to the plasma membrane, and an outer

perivitellines space that is Itself covered by a thick proteinaceoaus chorion

upon which rests a layer of follicle cells. In order to investigate

cytoskeletal organization and rearrangement In the early embryo, these layers

had to be removed without impairing development. Eggs were thus chemically

dechorionated and various batches were then inseminated with preactivated

sperm suspensions. A~s a result, the denuded eggs initially exhibited a series

of rotatory movements, and 5 minutes following insemination a cortical

contraLtion developed along the animal/vegetal axis which lasted two minutes ______________

(data not shown). First and second polar bodies occurred at 12 "n 22 minutes ____________

respectively, and embryos underwent cytokinesia 48-50 minutes following

insemination followed by cleavages every 20 minutes thereafter. Embryos -

reached the tailbud stage around 7 hours of developmental time and completed

embryonic development around the same time as chorionated embryos, namely at - - -
19-20 hours. These findings, which will be described in full in a separate

manuscript. demonstrate that normal fertilization and development occurred in

emb. ryos deprived of their chorion/test cell layers.

,kNTI.CENTR!I1 REACTIVITY 1.5 SELECTtIt IQ M PATFRNA1 CENTROSOMt

The unfertilized egg of Ascidia contains a network of microtubules

,.hroughout the cytoplasm, many of which reach the cortex. The fusiform

meiotic apparatus lays parallel to the cortex at the animal pole in mciotic



-13

I ZS

Figure 1. Microtubules and Centrosomes in unfertilized, fertilized and
mitotic ascidian eggs. Multiple cytasters are only found in the unfertilized
egg (A). while the chromosomes arrest in metaphase I of meiosis (B). Following
fertilization, the compact cmntrosome nucleates a small astar at the vegetal
pole (C) vith closely apposed male pronucleus (D). Following meiosis, the
microtubules are seen radiating throughout the entire zygote nucleated by an
arc-shaped centrosome (E.C). wahich has migrated sub-squatorially to the
posterior region. Panel E shows an e-abryo viewied from the vegetal
pole. and female pronuclei can be seen in different focal planes (F,14). The
paternal centrosome duplicates to forms mitotic poles (1,J), and pronuclear
fusion occurs at mitotic prophase (K,L.). At metaphase, the mitotic apparatus
has migrated to a sub-eccentric position in the zygote (M.N) and poles enlarge
during anaphase (0,P). At cytokinesis (Q.S), microtubules radiate to the
cortex (Q) and centrosomes have a perinuclear localization (R). Panels (A-D.
E-F and I-P) and C-H are double-stained for microtubules and DNA, and4. centrosomes and DN4A respectively. while panels Q-S are triple-stained for
centrosomes, microtubules and DNA. The bar represents 36 microns.

.17ý



135

letaphase I configuration. In several batches of eggs, multiple cytasters

permeated the entire egg Cytoplasm (fig.l A.B). Following fertilization. all

cytasters disappeared as eggs underwent the first phast of ooplasmic

segregation. At 10 minutes, a minute sperm aster appeared at the vegetal polo

with a posteriorly apposed and condensed male pronucleus (fig.l C,D). Anti-

centrin reactivity was restricted to and nucleated the sperm aster (data not *

sL~ovn). Surprisingly, the meiotic apparatus, although bearing functional ____________

poles, did not stain with the centrin antiserum nor did the cytasters of the

unfertilized eg". These resulta indicated that maternal and paternal XTOC______________

differed structurally.

By 16 minutes, the sperm easter had enlarged and the male pronucleua had

begun to decondanse itlightly. At 25 minutes, following emission of the second

polar body, various events occurred in concert: first, the sperm aster now

extended along the entire embryo and microtubules were seen radiating parallel

to the cortex (fig.l 9); second, the decnndensing female pronucleus initiated

its migration towards its male counterpart "Fig.) F), a process that required

intact mi,:rotubules (6 end personal communication); third, the configuration

of the paternal centrosome, was that of an are which assumed an anterior_____________

position relative to the eals pronuclau~s (Tig.l C,)4). Hicrotubule bundles _________

also co-localized to this cantrosomal area (fig.l E); finally, the sperm

aster initiated a migration along the cortex to a sub-equatorial localization

which corresponded to the future posterior pole of the embryo. At 33 minutes.

,he centrosome separated to giv7 rise to the mitotic poles (figl 1,J), after

which pronuclear fusion occurred at 37 minutes (Fig.l 9,L). When the embryo

reached metaphase at 42 minutes. the mitotic apparatus hadS migrated toward the

center of the embryo, (Fig.l K,N). At anaphaae, the poles widened accompanied ____________

by an trncrease in site of astral aicrotubules (fig.l 0,P). Between 48 and 50 ___________

minutes. the zygotes initiated cytokinesis and reached the 2-cell stage at 52

minutes. Hicrotubules were observed radiating thro~ughout both bleatomeres and

centrosomes displayed a perinuclear localization (figure I Q,R.S).

DISCUSSION

The main conclusions from the present study are that i) ascidians follow

the paternal mode of centrosomel inheritance, and that 11) cenrrosomes can

assume different shapes following fertilization and during the mitotic cycle.

Following sperm incorporation. the centrosome is initially compact and

nucleates a tiny aster at the vegetal pole. AS the sperm aster grow%, the

male pronucleus decondenses and the cencrosomoeaxpands. Conklin had

originally noted (2) that following its entry into the egg cytoplasm, the

sperm head rotated such that the centrosome assumed an anterior position
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* relative to the male pronucleus. The results of this study have confirmed and

S ,., _extended this observation. At 25 minutes. following melosis, the sperm

* centrosoee assuaed an arc configuration end microtubule bundles spanned the

entire embryo, as well as co.localizing to the centrosomel area. The sperm

aster also initiated a migration along the cortex towards the future posterior

pole of the embryo. In addition. co-localization of microtubules and anti-
centrin reactive material occured at cytokinesis and interphase of the 2-call.

stage embryo.

Recently, two groups reported (10.11,12) that mesodermal crescent

formation was dependent on the migration of the sperm aster during the eectnd

phase of ooplasmic segregation, and that microtubule Inhibitors prevented this

step in gruls 1ccIdenrAlis embryos (11) . In addition, Bates and Jeffery

- -r -(13) have reported that axial determinants are transiently localized at the

vegetal pole between the first and second phase of ooplasmic segrgation itr

Seve ial.ga.a, The findings presented here suggest that changes in shape of

the paternal centrosooe may govern changes in the configuration and position

of the micrptubules it nucleates. The reorganization of the microtubula

network by the sale centrosome suggests that it may be a key participant in

the establishment of cytoplasmic territories in early development, as was

recently proposed in pole cell formation of Drosophila embryos (14). Raft and

Glover found that when embryos were treated with aphidi~olin In the early pre-

cleave$* stages of drosophila smb-yos. OWA synthesis was prevented while

.. . ... . centrosoml replication occured normally. Remarkably, centrosomee migrated to

the posterior pole end initiated pole colt formation Ln the absence of nuclei

(14). In ascidians, the sperm centrosome could conceivably be involved in

specifying the poltrity of microtubule tracks onto which cytoplasmic

segragotion would occur, Whether it contributes sooe element of specificity

(attachemont of maternal maflAs at non.randoe sites along mtcrotubutes)., is

currently unknown. Dtrect deeonstration of nyoplssmic elemnts using specific

antibodies (IS) should reveal the extent of segregation of these non-

cytoskeletal eloments.

In conclusion, we suggest that the paternal centrosoee undergoes chanese

in shapes which govern iLcrotubulo topography. The microt abulas may in turn

serve is trsaks onto which cytplsasitc segrOgaiCon occurs in the early

ascidian embryo. Finally, the results demonstrate the existence of a

"centroense cycle' in sscidtans, as originally described in the soe urchin

(16). and attests to the roAarkable conservation of the centrin analogue

thrn'ighout evolution.

-4
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Abstract. Observations were made on the behavior of duction in photosynthetic tissues. The coupling of nitrate
nitrate reductase activity in the green alga UChafenestrata and carbon metabolisms arises from the reducing power
under controlled light:dark regimes. The activity of ni- and carbon-skeleton requirements for the synthesis of
trate reductase (NR) was examined in response to normal amino acids from ammonium produced during nitrate
seasonal photoperiods as well as in response to shortened assimilation (Rathnam 1978). Therefore, the role of light
or extended periods of darkness. NR activity exhibits a in controlling the behavior of NR is not simple and re-
light-dependent diurnal rhythm under both normal sum- quires the investigation of several different metabolic
mer and winter photoperiods. with a maximum in the compartments.
early morning (2 to 2.5 h after the start of illumination). NR behavior under various light regimes has been
This peak of activity is followed by a lower steady-state studied in several higher plant species (e.g. Shivashankar
level of activity which is sustained throughout the light and Rajgopal 1983. Campbell and Smarrelli 1986, Galan-
period. There is a sustained minimal level of activity in gau et al. 1988). and in some macrophytic and planktonic
darkness. The morning peak in activity is always ob- algae (e.g. Tischner and Huttermann 1978, Weidner and
served as long as tissue is illuminated, irrespective of the Kiefer 1981. Davison and Stewart 1984, Tischner 1984,
previous light or dark treatments. As such, it appears that Velasco et al. 1989). These studies have shown that NR
nitrate reductase activity in U.fenestrata is under circadi- activity, enzyme and/or mRNA levels may change in re-
an control. There is no major difference in the NR activ- sponse to the light regime. and that some of these features
ity pattern between summer and winter plants, except appear to show circadian or ultraradian rhythms (cf. Ed-
that the peak activity values in winter plants are consis- munds 1988). These data. however, are equivocal as to
tently much higher (5 times) than in summer plants. The whether NR activity is directly sensitive to light and, if so,
study also suggests that illumination prior to the normal at wha; level, i.e., post-translational, translational or
start of pholoperiod triggers a different set of regulatory transcriptional. A post-translational control might entail
mechanisms, indicating that the physiological state of enzyme activation-inactivation, while translational or
plants is important in dictating the NR activity response transcriptional regulation implies de navo synthesis of
to illumination. this protein and or differential expression of NR genes.

Marine macrophytes occupy a major ecological domain
which is very different from those of higher plants and

Introduction phytoplankton; therefore, the regulation and activity
patterns of NR might deviate significantly from that

Nitrate reductase (NR) catalyzes the reduction of nitrate known for other autotrophs. Unfortunately, at present
to nitrite, the first step and a potential regulatory site for there is a paucity of information on the regulation of NR
nitrate assimilation in plants (Beevers and Hageman activity and NO, assimilation in macroalgte. although a
1969). NR activity is influenced by a variety of environ- few studies have been done on the spatial distributions of
mental factors, including photon flux level, light quality, NR activity within the thallus, such as Davison and Stew-
substrate concentration. ammonium, molybdenum, iron, art's study (1994) which showed an in vivo activity varia-
and other regulators of growth (Campbell 1988). In addi- tion of 005 to 0.3 pmol NO, g- min- along the thallus
tion, studies have indicated a close association between of Laminaria digitata.
metabolism of photosynthetic products and nitrate re- The present investigation sought to characterize the

behavior of NR in the marine macrophyte Ulva fenes-
Ple'.e ,address all correspondeince nd request% for rrprinits to G. trata. U. fnestrata is a benthic grecn alga possessing a

J. Smith it his precnl .iddresi Otlopkin% Marine Station) distromatic thallus. It is found in the low intertidal -one
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and is often conspicuous on rocky shores on both the
northeast and west coasts of the United States. The low Group 1 0 ift a
intertidal habitat is characteri;.ed by regular, tidal fluxes ;8 20 2 a s 14 4
that may expose plants to deoiccation and potential N- Grop2 31

limitation during low tides (Thomas and Turpin 1980. '2 2324 9 .. is

Gerard 1982). Previous studies showed that photosyn- G rou 3 14 6

thetic capacity in Ulha spp. displays rhythmic patterns Group3 . . I .
that seem to correspond to a circadian tempo (Ramus 20 2 0 13 Is
1981). which may be controlled at the level of photosyn-
thetic electron transport between plastoquinone and Group 1 t l•,ft b
Photosystem I (Mishkind et al. 1979). In addition, there , .,
is a strict die] pattern of chloroplast migration between 1 22 2 , is t 0

the sides and faces of Uh'a spp. cells (Britz and Briggs Gr up-i,
1976), the significance of which is not known (Nultsch 1 i2 14 20

et al. 1981). Group 3 17.3 IN

Here. we examine the role of light as an inducer of NR so a loll 14 20

activity and consider the role of natural and manipulated
daily light and dark periods in controlling enzyme activ- Fig. 1. Photoperiods used to monitor light dependence of nitrate
ity. In addition, we investigate the role of natural summer reductase (NR) activity in Uva fenestrata. Light intensity was con-
and winter photoperiods in regulating the daily pattern of slant for all light periods. Group I represents natural photoperiod
NR activity, since Ulvafenestrata in Monterey Bay grow for each season. Groups 2 and 3 shortened and extended dark peri-

ods. respectively. Values under the respective abscissas show time of
under a temperate regime which is characterized by dis- day (hrs). Thick bars indicate dark periods. (a) Summer experimenttinctive seasonality in photoperiod. (b) winter experiment

Materials and methods

Plant material tion or NO2 - to NHI4 ". at 16 'C on a shaking table. and subsamples
of I ml medium were taken at 30 min intervals. Nitrite production

Ulvafenestrata was collected from an outdoor tank at the Monterey was determined colorimetrically using I% (w/v) sulfanilamide and
Bay Aquarium, Monterey. California. during summer 1989 and 0.1% (wiv) N-1-naphtyl-ethylenediamine (NED). Color develop.
winter 1990. Plants were maintained in enriched seawater with an ment was monitored by absorbance at 540 nm with a Hewlett-Pack-
initial nitrate concentration of 880p131. at 16°C±2C',. under a ard diode array spectrophotometer (Model 8452A). NR activity
photon flux of 200 pmol quanta m -2 s - PAR (photosynthetically was determined by the rate of product rormation and corrected for
active radiation) which saturates growth and photosynthesis in Uhva changes in the volume of incubation medium during the sampling
spp. (Arnold and Murray 1980). Light regimes for the summer period. Values are presented as lamol NO, g" ' h", which equals
experiments were 14 h light. 10 h dark and 10.5 h light; 13.5 h dark one unit (U) of NR activity.
for the winter experiments. These photoperiods correspond to the
natural day lengths during the experimental seasons in Central
California. This irradiance level was kept constant during both the Results
maintenance periods (I d) and experimental periods. After the
mairntenance period. the plants were divided into three groups cor- NR activity under summer and winter photoperiods
responding to different light treatments (Fig. I) - Group 1: control,

subectd t nturl sasoalphotoperiodic duration. Group 2:subjected to natural seasonal ptdark period which yieloed a dark Fig. 2a shows changes in NR activity of Ulvafenestratasubjected to a light-interrupted dr eidwihyeddadr

period of 3 h for summer plants and 4.5 h for winter plants; Group under summer photoperiods with illumination from
3: exposed to extended dark periods of 17.0 or 17.5 h. 06.00 to 20.00 hrs. Activity increaied immediately after

illumination, reaching a maximum (0.353 pmol NO, g-
h ') after 2 h. and declined to a plateau at -0.185 limol

NR activity assay NO, g' h-' for the remainder of the light period
(Table 1). The induction rate for the early morning activity

NR activity was measured approximately every 2 h during the ex- maximum was 0. 174 U h" When illumination ceased.
penments (see Fig. 1). Sampling intervals %ere shortened to 0.5 h the activity rapidly dropped to a minimum of -0.006 U
during the dark-to-light transitions. Tissue samples were taken with (, 2% of the maximum activity) within 2 h, and remained
a cork borer (1.0 cm dic m) I h prior to the measurement or enzyme his level unti
activity. The tissue disks were held in the original culture medium at t i the next illumination period (see Table 1).
until transfer to the incubation medium. NR activity was measured The NR activity pattern in plants under natural winter
in vivo by the colorimetric assay technique modified from Brunetti photoperiods is illustrated in Fig. 2 b, with illumination
and Hageman (1976) and Dipierro et al. (1977). as described below: occurring between 07.00 and 17.30 hrs. Similar to the

The incubation medium consisted of artificial seawater with summ-r pattern, an early morning peak in activity was
20 mM nitrate, and contained 3,0% (v v) I-propanol to increase reached - 2.5 h after the artificial sunrise, followed by a
the permeability of the cell membranes. The concentration of decline in rate to a plateau. NR activity was extremely
I-propanol was optimized for the U'lafenesrtrata fissue. For each
reaction. 0.05 ; of fresh tissue (three discs) was placed in 5 ml incu- low (-,2% of the maximum activity) during the dark
bation medium and. for eacta time point, three replicates were used. period, and there was only one peak of activity in each
The incubation proceeded for I h in darkness (to prevei:i the reduc- light: dark cycle.

V
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Table 1. Ulvafewssrrara. Peak. steady-state and dark values of ni-trate reductase (NR) activity. Steady-state averages are means

0.4- 1(± SD) of plateau values for each photoperiod, dark averages are
0.4" means (± SD) of values for each dark period

/ 0" 2 Light treatments NR activicy (pmol NO, g ' h" -U)

0.0 
Maximum Steady-state Dark average

0 .0 average

"E b Summer
- 2.0 b normal photoperiods 0,333• 0.185 0.006

:a_ (±0.035) (±0.04)
2 (n-7) (n- 5)

shortened darkness 0.428'. 0.197 0.009
cc 10 0.511, (±'0.024) (±0.0000)
z in-5) (n-2)

extended darkness 0.412t o.13n 0.014
(±0.045) (±0.015)

0.0 , (n-2) (n-7)

16 20 24 4 8 12 16 20 Winter

Time of Day (hrs) normal photoperiods 1.759, 0.345 0.030

FIg. 2. Uhva fenestrata. Diurnal rhythm of in vivo NR activity in (±0.161) (±0.037)

plants under natural photoperiods (Group I plants); thick bars in- (0-,2) (n-7)

dicate dark periods. (a) Summer experiment with 14 h light: 10 h shortened darkness 1.561'. 0.921 0.060

dark cycle; induction rate for early morning peak =0.174 U h-'. 1.8886 (±0.385) (±0.061)
(b) Winter experiment with 10.5 h light: 13.5 h dark cycle: induction (n-7) (n = 3)

rate for early morning peak - 0.662 U h -. Vertical bars - ±SD; extended darkness 0.612?. 0.260 -0.008
n-3 1.45• (±0,136) (±0.044)

(M-3) (n -12)

Early morning peak activity
' Light-indiced night peak activity

Peak activity after extended darkness

Table 2. Ulvafenesfrara. Induction rates orin vivo nitrate reductase
8acti vity (pamol N0 2 #-Ib h-2U h'') with light-interrupted night

period under summer and winter photoperiods (14 h light: 10 h
0.4" dark and 10.5 h light:13.5 h dark. respectively): Group 2 plants.

The dark duration was 3 h for summer plants. and 4.5 h for winter
-. *plants during experiments

02 Season NR induction rate Ratio

O morning: night
z 0, night max. morning max.
0
=. b Summer. 1989 0.136 0.424 3.1

2ý.1 Winter. 1990 0.206 0.656 3.2

10-11z

NR activity during light-interrupted night periods
0ý0-

16 20 24 4 8 12 16 20 The behavior or NR activity in plants subjected to a

Tim* of Day (hrs) light-interrupted night period under summer photoperi-

Fig. 3. Ulva fenestrata Changes of in vivo NR activity in plants ods is illustrated in Fig. 3a. Two peaks of activity were
subjected to shortened dark period (Group 2 plants). First maxi- observed during the light period. The first occurred at
mum is light-induced peak at night: second maximum is normal 02.00 hrs, after 3 h of illumination, with an NR activity
early morning peak: thick bars indicate dark periods. (a) Summer induction rate of 0.136 U h" '(Table 2); the second max-
experiment: dark period shortened to 3 h, and induction rate of imum occurred at 08.00 hrs. which corresponded to the
0.136 U h-1 for first peak and 0.424 U h-' for second peak. (b)
Winter experiment: dirk period shortened to 4.5 h, and induction typical morning peak observed in plants under natural
rate of0 206 U h -for first peak and 0.656 U h - for second peak. photoperiods characteristic of the same season (see
Vertical bars - ±SD; n-3 Fig. 2a). This second NR activity maximum had an in-
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0 2.0- -- f

"1.0
* 0.2,

COE

0.0 0.0

b 16 20 24 4 8 12 16 20
S2.0- Tiea of Day (hrs)

Fig. S. Ulvafenestrata. Comparison of diurnal rhythms of in vivo
NR activity between plants under summer and winter photoperiods

cc 1.0 with light periods of 06.00 to 20.00 hrs and 07.00 to 17.30 hrs,
Z respectively. Thick bars indicate dark periods (filled bar. summer;

0 -open bar: winter)

0.0 -

16 20 24 4 8 12 16 20 8 12 morniag peak in activity failed to develop in the absence
Tinw of Day (hrs) of illumination. However, when light was given the fol-

Fig. 4. Ulva fenestrata. Changes of in vivo NR activity in plants lowing morning, NR activity was induced with a maxi-
subiected to extended dark period (Group 3 plants); thick bars mum achieved at 08.30 hrs. The first peak at 14.00 hrs
indicate dark periods. (a) Summer experiment; induction rate of after extended darkness (4 h longer than the natural dark

- NR activity upon illumination = 0.078 U h '. (b) Winter experi- duration for control plants), was small, and decayed dur-
ment; induction rate of NR activity upon illumination (first peak) ing the subsequent illumination period until -08.30 hrs
- 0.589 U h '. Samples taken the following morning indicate a the following morning. This pattern was distinctly differ-
recovery of the normal early morning peak with continuous illumi- ent from that observed under summer photoperiods (see
nation. Vertical bars +SD; nf3 Fig. 4a).

Despite the variation in lengths of the summer and
winter photoperiods, the NR activity patterns exhibited

duction rate of 0.424 U h z, i.e., - 3 times greater than marked constancy in plants maintained under these con-
that of the first induction event (Table 2). As in plants ditions (Fig. 5). Winter plants exhibited consistently
under normal summer photoperiods, there was always a higher NR activity during the light periods than did sum-
significant level of NR activity during the light period mer plants.
and very low acti-ity (< 5% of the steady-state level un-
der light) during the dark period (see Table 1).

The plants subjected to a light-interrupted night pho- Discussion.
toperiod under winter photoperiods exhibited a behavior
similar to that of the summer plantp (Fig. 3 b). Two peaks The diurnal pattern of in vivo NR activity in Ulvafenes-
of NR activity in one photoperiod were observed - one at trata under natural photoperiods differs remarkably
05.00 hrs. 7 h after the onset of illumination, with an from the sinusoidal pattern commonly reported for
induction rate of 0.206 U h" ', the other at the same time higher plants (Duke et al. 1978, Shivashankar and Rajgo-
as the morning maximum (09.30 hrs) in the control group pal 1983, Duke and Duke 1984, Lillo and Henriksen
for the same season, with an induction rate of 0.656 U 1984, Galangau et al. 1988) and some macrophytic and
h-' (Table 2). There was no difference in the timing of the unicellular algae (Weidner and Kiefer 1981, Davison and
early morning activity peak between plants under differ- Stewart 1984, Velasco et al. 1989, Smith et al. 1992). Gen-
ent treatments within the same season. Interestingly, the erally, the induction of NR activity upon the onset of
ratio of the induction rates for the premature and normal illumination is much more rapid in U. fenestrata (usually
activity peaks were similar in plants maintained under within 2 to 2.5 h after illumination) than that reported for
summer and winter photoperiods (Table 2). other plants (Table 3). In addition, nitrate reduction in U.

fenestrata does not decline monotonously to minimal lev-
els after the morning activity peak is reached. Instead, the

NR activity in extended darkness NR activity is sustained at a high stead;-state level dur-
ing the illumination periods. This is the f'rst report of

Fig. 4a summarizes NR activity in response to extended sustained steady-state level of NR• activity during light
darkness in summer plants. Activity was minimal periods in any plant species. Also, instead of showing
(0.014±0.015 pmol NO2 g-' h-') until illumination at significant changes in activity during darkness, as ob-
13.00 hrs, 7 h after the natural start of the photoperiod, served in other plants, NR activity in U. fenestrata re-
and then increased at a rate of 0.078 U h - 1. Fig. 4 b illus- mains at a minimal to undetectable level throughout dark
trates NR activity under a similar treatment for the win- periods. The diurnal pattern of in vivo NR activity in U.
ter plants. As in the summer plants, the normal early fenestrata does. however, share the single diurnal peak in
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Table 3. Ulva fenestrata. Timing or diurnal maximum of nitrate The difference between the summer and winter pho-
reductase activity in different species. i.e.. time needed to reach toperiods does not seem to influence the patterns of NR
maximal NR activity after start of photoperiod. The light:dark activity in plants subjected to light.interrupted dark peri-
cycles under which these experiments were conducted were all 24 h.
except for Chlorella sorokiniana which was 12 h (7 h light: 5 h dark) ots. except that the peak values of NR activity are consis-

tently higher in winter plants than in summer plants.
Species Time Source Although the light-induced peak of NR activity at night

to max. under winter photoperiods is notably delayed compared
activity to that under summer photoperiods (occurring 7 h in-
(h) stead of 3 h after the onset of the light interruption of the

Cocos nuciferas (coconut) 8 Shivashankar and dark period) and the induction rates for peak activities
Rajgopal (1983) are dramatically higher in winter plants than in summer

Hordeum sp. (barley) plants, the ratios between the induction rates of the two
Arena sp. (oat) -8 Lillo and Henriksen (1984) NR activity maxima under each seasonal photoperiod
D)iiicwn sp. (wheat) are similar (see Table 2). This suggests that the induction
Lycopersicon sp. (tomato) 4-5 Galangau et al. (1988) of NR activity in response to illumination prior to the
Chworella sorokiniana 2 Velarco et al (1989) nornal start of the photoperiod may involve the same
Skeletonema costatum 6-8 Smith et al. (1992) processes irrespective of seasonal photoperiods, and that

Laminaria digitata -12 Davison and Stewart the longer time needed for winter plants to reach the first
(end or (1984) maximum in activity may simply be due to a higher in-
day) trinsic capacity for nitrate reduction in these plants. Fail-

Ulvafenestrata 2-2.5 Present study ure to develop a normal morning peak by plants treated
with extended darkness demonstrates that light is essen-
tial for the full expression of NR activity in both seasons.

The present investigation of NR activity in a single
activity observed in previous studies (Table 3). This peak temperate, benthic marine macrophyte has yielded an
of NR activity is hereafter referred to as the normal daily enzymatic activity pattern quite different from the sinu-
morning peak. soidal pattern widely described in higher plants, unicellu-

In plants subjected to a light-interrupted dark period, lar and macrophytic algae (Table 3). In Uh,afenestrata, a
two peaks in activity in a single photoperiod were ob- diurnal pattern exists in NR activity, which is strictly
served, whether plants were grown under summer or win- light-dependent and characterized by an early morning
ter photoperiods (see Fig. 3). The occurrence of the sec- peak followed by a lowered steady-state activity level.
ond peak at the normal daily maximum and its markedly This diel pattern is likely driven by some endogenous //
greater induction rate compared to the first maximum rhythm, which allows the assimilation of nitrate to reach
(the light-induced peak during the night) implicate the its climax about 2 h after sunrise irrespective of seasonal
existence of circadian or ultraradian processes underlying photoperiods. In addition, the lag in expression of en-
a diel rhythm in the regulation of nitrate assimilation. zyme activity in response to illumination prior to the
Under conditions of an extended dark period, two fea- normal start of the photoperiod suggests that the abun-
tures are notable. First, the normal morning peak of NR dance of the NR enzyme may also reflect diurnal regula-
activity is absent when illumination is not supplied dur- tion at the levels of translation and/or transcription in U.
ing the developing period of this peak, indicating that fenestrata.
light is essential for the expression of NR activity. Sec- Nitrate reductase. as a molybdo-flavoprotein contain-
ond, the induction rate of NR activity upon illumination ing a b-type cytochrome, is well suited for photorecep-
under summer photoperiods is reduced by - 50% com- tion. Indeed, several studies have suggested a direct blue
pared to that of the early morning peak in plants under light activation of the enzyme activity in green algae
normal photoperiods (cf. Fig. 2a and 4a). Most likely, which is probably mediated through the flavin moiety on
more th.;,i simole activation of existing enzymes is in- the NR protein (Aparicio et al. 1976, L6pez-Figueroa
volved in :he recovery of NR activity, which appears to and Rfidiger 1991). NR has also been implicated as a
be supprtssed by prolonged darkness. photoreceptor for some blue light-stimulated responses

Althovgh the natural summer and winter photoperi- in Neurospora crassa. However, this activity was not as-
ods are quite different from each other, varying from 14 sociated with light-dependent phase shifting of circadian
to 10.5 h f.,r the light period and 10 to 13.5 h for the dark rhythms in this organism (see Edmunds 1988), indicating
period, this difference does not influence the diurnal pat- that photoreception by NR does not have a direct role in
tern of NR activity (see Fig. 5). The greater NR activity setting the circadian clock.
maximum under winter photoperiods (about 5 times The precise ecological significance of a circadian con-
greater than under summer photoperiods) probably re- ,iol of NR activity in Ulvafenestrata is not clear. It seems
flects the .utritional history of the plants. Nitrate supply that the rapid induction of NR activity superimposed on
is more ir 'ited during winter months in the Monterey a circadian regulation of nitrate assimilation is of benefit
Bay (unpublished data from the Monterey Bay Aquari- to the plants. Unlike some kelps that can store carbohy-
um). This observation is consistent with earlier stui'es drates during periods of nitrogen shortage and use them
indicating :hat nitrogen limitation can dramatically en- for nitrate assimilation when nitrate is available (Lobban
hance the capacity for nitrate assimilation (Gerard 1982). et al. 1985), the relatively simple cellular organization of
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the thallus in Ulva spp. probably results in a limited stor- Duke, S. H., Duke. S. 0. (1984). Light control of extractable nitrate :
age capacity for carbohydrates. Thus it may be advanta- reductase activty in higher plants. Physiologia Pl. 62: 485 -493
geous for this species to be capable of rapidly utilizing Duke, S. H.. Friedrich, 1 W. Schrader. L. E.. Koukkari. W L.

(1978). Oscillations in the activities of enzymes of nitrate reduc-nitrate when light is available. However. the rapid re- tion and ammonia assimilation in Glycinre max and Zea mays.
sponse to and positive correlation of enzymatic activity Physiologia Pl. 42: 269-276
with light suggests a more stringent light-dependent con- Edmunds. Jr.. L. N. (1988). Cellular and molecular bases of biolog.
trol of NR in U.fenestrara, which could limit its ecolog- ical clocks. Springer-Verlag. New York
ical success, especially in areas with seasonal periods of Galangau. F. G., Daniel-Vedele. F.. Moureaux. T.. Dorbe. M..
early morning cloud cover. In order to gain more insight Leydcckcr. M.. Caboche. M. (1988). Expression of leaf NR

genes from tomato and tobacco in relation to light: dark regimesinto the regulation of nitrate assimilation in algae and to and nitrate supply. Pl. Physiol. 88: 383-388
fully appreciate the underlying ecological significance Gerard, V. A. (1982). In situ rates of nitrate uptake by giant kelp.
and molecular mechanisms, further studies, especially at Macrocystisppyrifera (L.) C. Agardh: tissue differences, environ-
the protein and mRNA levels, are needed. Comparative mental effects, and predictions of nitrogen-limited growth. J
studies of NR behavior in different species and between exp. mar. Biol. Ecol. 62: 211 -224
plants under different physiological states and environ- Lillo, C., Henriksen. A. (1984). Comparative studies of diurnal

variations of nitrate reductase activity in wheat, oat and barley.
mental conditions would also be valuable. Physiologia Pl. 62: 89-94
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